The 220 MHz spectra of tocinamide and deaminotocinamide, the ring moieties of oxytocin and of deamino-oxytocin, respectively, were investigated in [U-2Hjdimethylsulfoxide solution. Extensive decoupling and exchange experiments allow complete spectral assignment and determination of many coupling constants. Circular dichroism spectra assigned a right-hand screw sense to the C-S-S-C group. The conformations of tocinamide and deaminotocinamide are different from each other and from those suggested for the ring portions of oxytocin and deamino-oxytocin. The relationship of this difference to biological activity is commented upon. The importance of the interaction of the side chain with the ring in oxytocin and deamino-oxytocin is emphasized.
The use of nuclear magnetic resonance (NMR) to study the structural features of cyclic polypeptides is well established (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Information concerning various conformational features, including peptide backbone structure, rigidity, and presence of intramolecular hydrogen-bonding is obtained by this method. Since it is expected that pharmacological differences between biologically active compounds and their analogs can arise from conformational differences, the study of the tertiary structure of cyclic polypeptide hormones should be extremely useful.
Our approach to an investigation of the conformation of the octapeptide, oxytocin, has been to explore the conformation of the side chain and of the 20-membered ring moiety separately in an effort to establish their relationship to one another in the entire hormone. The same solvent, [U-2H]- Me2SO , was used for all our NMR studies on these and related compounds. Oxytocin has the following structure (numbers indicate the position of the individual amino-acid residues). r Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly(NH2) 1 2 3 4 5 6 7 8 9 In an earlier communication (18) , we showed by use of highresolution NMR spectroscopy that certain derivatives of the side chain of oxytocin, R-Pro-Leu-Gly-NH2, showed cistrans isomerism about the R-Pro bond. We also suggested that in S-Bzl-Cys-Pro-Leu-Gly(NH2), there may be evidence for interaction of the C-terminal carboxamide with the sulfur atom of the Cys residue.
Some proposals have recently been presented concerning the conformation of the ring of oxytocin (6, 17) , but little is known of the ring without the side-chain. We have investigated the conformation of the 20-membered ring of r -oxytocin, tocinamide, Cys-Tyr-Ile-Gln-Asn-Cys-(NH2), and that of deamino-oxytocin, deaminotocinamide, 0 r 11 S-CH2-CH2-C-Tyr-Ile-Gln-Asn-Cys-NH2. Tocinamide has only about 3.2 units/mg of the oxytocict activity associated with oxytocin itself, but no AVD § activity (19) ; deaminotocinamide has about 30 units/mg of the oxytocic activity, but no AVD activity (19) .
In this communication, we show that tocinamide and deaminotocinamide have different conformations in Me2SO, both of which are maintained over a wide range of temperatures. These conformations are significantly different from those proposed for the ring portions of oxytocin and deaminooxytocin, based on vicinal a-CH-NH coupling values obtained in the mixed solvent system, Me2SO-MeOH (6, 17 (20) . All compounds were highly purified and were isolated and stored as lyophilized powders.
Results
The spectrum of tocinamide is shown in Fig. 1 . Spin-decoupling allowed assignment of all peptide NH, a-CH, and f3-CH2 resonances. In addition, the change in multiplicities of the a-CH peaks after deuterium exchange confirmed the Ile assignments at 1.8 6 (a-CH), and 7.39 6 (NH), since only the Ile a-CH forms a doublet when the amide coupling is removed. The lowest-field peptide NH at 8.86 a and the lowest-field a-CH at 4.39 6 belong to the 6-Cys residue. The Gln-and Tyr-NH resonances appear almost coincident near 8.55 6, and remain very close throughout the temperature range used to examine the spectra of this compound. The a-CH peaks for these same residues are also close at 3.88 and 3.99 6, respectively. Asn gives rise to a peptide-NH resonance at 8.22 6. This is coupled to the peak at 4.20 6 in the a-CH resonance region. The 1-Cys a-CH, having an aamino group attached, shows a peak at 3.35 6. The resonances for the fl-CH2s of Asn, 6-Cys, and 1-Cys are identifiable by spin-decoupling experiments. They partially overlap each other between 2.5 and 3.0 6, with the 13-CH2 of Asn occurring between 2.6 and 2.7 6, whereas the 6-Cys fl-CH2 reaches as low as 3.00 6 and extends to 2.75 6. The 1-Cys ,3-CH2 resonance is centered at 2.6 6.
In order to further establish that these are indeed the positions of the aforementioned g-CH2 resonances, the spectra of
acid-a,a,#,#_-2H ]-oxytocin, oxytocin, and deamino-oxytocin were studied, as well as spectra of several peptide precursors to these compounds. Comparison of these spectra shows that The sharp peak at 1.89 6 is due to the presence of one molecule of acetic acid per molecule of tocinamide that remains after lyophilization of tocinamide from 0.2 N aqueous acetic acid in the final purification step. The fact that acetic acid is rarely retained on lyophilization of either deaminotocinamide or deamino-oxytocin substantiates the conclusion that the acetic acid is retained by interaction with the amino group on the terminal half-cysteine residue at position 1. The resonance for this amino group, as NH3+, may appear together with the residual water in the solvent and the hydroxyl of the tyrosine at 3.29 6. Evidence for this surmise is the broadness of this peak as compared to the usual sharp residual water peak obtained for samples with less-easily exchangeable protons dissolved in [U-2H]Me2SO, as well as the movement upfield and sharpening of this peak with increasing temperature.
The carboxamide proton resonances are assignable from the spectra of the peptide precursors to tocinamide and deaminotocinamide: N-Cbz-Asn-S-Bzl-Cys-NBzl and N-tBoc-Gln-Asn-S-Bzl-Cys-NBzl5. The terminal carboxamide resonances are separated by 0.32 ppm, while the Gln separation is 0.40 ppm.
The spectrum of deaminotocinamide is shown in Fig. 2 . Again, spin-decoupling identified all the peptide-NH, a-CH, and f3-CH2 resonances. The Ile assignment was corroborated by the multiplicity change to a doublet for the a-CH peak after deuterium exchange; thus, the isoleucine resonances could be placed at 7.41 6 for NH, 4.20 a for a-CH, and 1.79 6 for 3-CH. Although the 6-Cys a-CH peak is the one at lowest field at 4.41 6, the NH peak of this residue has changed rela- The temperature dependence of the peptide-and carboxamide-NH resonances is shown in Fig. 3 . Tocinamide has one NH, assigned to Ile, with a temperature dependence of only -1.5 X 10-3 ppm/0C. The upper-field peak of the pair assigned to the C-terminal carboxamide on the 6-Cys shows no temperature dependence. Virtually the same lack of temperature dependence is evidenced by the corresponding carboxamide proton in deaminotocinamide. Among the peptide NH groups of deaminotocinamide, Ile shows a temperature dependence of -1.0 X 10-1 ppm/0C, while the C-terminal carboxamide of 6-Cys shows a temperature dependence of -2.4 X 10-s ppm/0C. 6 The rate of deuterium exchange did not differentiate between the peptide NH groups in the individual compounds. All exchanged at about the same rate. Those in tocinamide were reduced to half-height in about 4 min, and those in deaminotocinamide exhibited a "half-life" of 1 hr. We have observed that exchange rates appear to vary significantly between different preparations of the same sample and, therefore, effects other than intramolecular hydrogen-bonding are probably involved.
The circular dichroism spectra of these compounds show the same general features in the disulfide-band region as oxytocin and deamino-oxytocin at the corresponding pH and temperatures'1.
Discussion
The NMR spectra of tocinamide and deaminotocinamide, while similar in many respects, are not as similar as are the NMR spectra of oxytocin and deamino-oxytocin. Comparison of the chemical shifts and other NMR parameters in the same solvent reveal striking differences between tocinamide and oxytocin, and between deaminotocinamide and deamino-oxytocin. Both tocinamide and deaminotocinamide exhibit a hydrogen bond that involves one of the C-terminal carboxamide protons. It is sterically very difficult for this proton to form a hydrogen bond to any of the backbone carbonyl groups, but it is possible for such a bond to be formed with the terminal Asn carbonyl group. The formation of this bond is not possible in the presence of the side chain, ProLeu-Gly(NH2).
There is one hydrogen bond involving a peptide NH that is common to both tocinamide and deaminotocinamide.
Schwyzer and Ludescher (21) have suggested that intramolecularly hydrogen-bonded amide protons are more shielded than those more exposed to solvent. The Ile-NH is by far the most shielded in our compounds. Coupled with its high-field position is its very small temperature dependence. A proton participating in an intramolecular hydrogen bond is expected to show little, if any, shift in position with temperature change. Dimethylsulfoxide is a strong hydrogenbond accepting solvent. All the NH groups may be considered to be hydrogen-bonded, either to the solvent or intramolecularly. As the temperature is raised, the solvent-to-NH bonds are broken and the NH resonances move upfield. Intramolecular hydrogen bonds, being stronger, are more stable during temperature change; thus, their resonances are not expected to change in chemical shift-or to show at most only a very small change. In our proposed conformations, the Ile peptide-NH is hydrogen-bonded to the primary carboxamide of the Gln, in both compounds.
In the peptide-NH region of the spectra of the ring compounds (see Table 1 ), four of the J-couplings of the NH to the a-CH protons, JNa, are between 6 and 9 Hz. This result suggests that the corresponding CHa,-NH dihedral angles 'p'are betweenO ((p = 2400) to 300 (sp = 2100, 2700) or 1400 (sp = 20°, 1000) to 1600 ('p = 400, 800) (22) (23) (24) , which is a preferred orientation in polypeptides and the one most commonly found. Contrastingly, the JNa for the Gln residue is 1-3 Hz, consistent with a (p' of 700 ('p = 170°, 3100) to 1000 (sp = 1400, 3400). If these conformational limits are applied, as well as the predicted hydrogen-bonding, there are two conformations for tocinamide and deaminotocinamide that can be constructed as possibilities**. The differences in the peptide-NH region of their spectra suggest that one conformation is preferred by tocinamide, while the other is the more likely for deaminotocinamide. In deaminotocinamide, the 6-Cys peptide-NH resonance shows a relatively small temperature dependence and a relatively high chemical shift position as compared to the other peptide-NH resonances. For this reason, the conformation proposed for deaminotocinamide is the one in which this proton is virtually embedded in the interior of the ring, making it the least accessible to solvent interaction and probably causing it to be highly shielded as compared to the other peptide NH groups, except the Ile-NH (Fig. 4) . In the conformation we propose for tocinamide (Fig. 5) , the 6-Cys peptide-NH is no longer buried. This could explain its downfield position in the tocinamide spectrum, as well as the significant temperature dependence of its chemical shift (-10 X 10-I ppm/0C). In both compounds, the hydrogen bond between the 6-Cys amino terminal and the Asn terminal carbonyl remains intact.
The circular dichroic spectra indicated similar signs for the dihedral disulfide angle in oxytocin, deamino-oxytocin, and the two compounds under discussion, on the basis of the position and intensities of the disulfide bands (25) (26) (27) (28) .
In the peptide backbone of tocinamide and deaminotocinamide, the NH and a-CH protons are trans to each other, except for the glutamine bond in which they are cis-or nearly cis-to each other. Although both tocinamide and deaminotocinamide possess the same two intramolecular hydrogen bonds, their conformations differ.
Clearly, the 20-membered ring compounds by themselves have conformations quite different from that proposed (6, 16) for the parent hormone and deamino analog. Provided that solvent effects prove unimportant, this result would suggest the formation of a different kind of ring structure for oxytocin and deamino-oxytocin. In our work, the set of coupling constants and chemical shifts in [U-2H]Me2SO for the ring of oxytocin differs from that of tocinamide. Therefore, the importance of the interaction of the side chain of oxytocin, Pro-Leu-Gly-NH2, with the ring moiety is emphasized by these investigations.
These structural results may be important from the biological and pharmacological point of view. Neither tocinamide nor deaminotocinamide has AVD § activity, but both compounds have oxytocic activity, with deaminotocinamide being quite active (9) . Thus, the ring conformations of tocinamide and deaminotocinamide, though different from those found in the hormone oxytocin and its deamino analog, are sufficiently similar for interaction with the target "receptor." In this regard, the different conformations proposed for the two ring compounds provide a rationale for their different degrees of oxytocic activity. In tocinamide a very compact structure is proposed that may be expected to be fit only loosely on the "receptor." In deaminotocinamide, however, the proposed structure is a less compact, more open structure, more similar to that proposed for the ring structure in oxytocin (6) . Thus, though the proposed conformation of deaminotocinamide is quite different than that proposed for the ring of oxytocin, a reasonably good fit at the "receptor" obtains and a substantial increase in activity over tocinamide results. Pharmacological evidence is not available as to whether tocinamide and deaminotocinamide can produce the same intrinsic oxytocic effect as oxytocin. For avian vasodepressor activity, however, the added steric bulk, as well as other structural features provided by the side chain, is apparently necessary since no activity was obtained. For both information and biological activity, the importance of the Chemistry: Brewster et al.
side chain-ring inter-relationship in oxytocin is very clearly suggested by these studies.
